As the embattled US president announced his withdrawal from the Paris accord at the beginning of June, the rest of the world, including his friends in Russia and the world's leading polluter China, stood united behind the commitment to limit the increase of average global temperatures to 2°C above pre-industrial levels.
The rise in the average temperature of atmosphere and surface waters has, by itself, some very important impacts on the biosphere. While some species stand to benefi t, many are certain to lose (Curr. Biol. (2015) 25, R1057-R1059). Many species including corals operate within a narrow temperature window of viability and are seriously threatened even by temperature changes within the Paris limits (Curr. Biol. (2016) 26, R481-R484). In addition, shrinking icecaps and warming ocean waters both make sea levels rise, inevitably causing damage in coastal areas (Curr. Biol. (2016) 26, R47-R50), as well as lead to habitat loss for species that depend on sea ice.
And yet, the greatest danger may reside not in the two-degree shift itself, but in the increased variation that a warmer world is exposed to. As is now becoming increasingly clear, warmer ocean surface waters make extreme weather events more likely. The underlying physics is quite straightforward. Warmer water evaporates more readily, and more energy is available to feed tropical cyclones. Flooding and storm damage are already more common, but, as the climate systems are disrupted, knock-on effects can also include droughts and heatwaves.
And yet, science and public perception still tend to treat each extreme weather event as a one-off, e.g. the record heatwave or the most devastating storm. Due to their sporadic appearance and individual nature, these events are not as easily modelled or understood as a uniform shift in average temperature. Therefore, science has been slow to work out what damage the erratic weather in a warmer world might do to the biosphere. Only now systematic analyses are beginning to emerge. While studies of plants and especially of crops are already available, recent work has revealed the sensitivity of the life history of birds to extreme weather events.
Polar extremes
The black-browed albatross (Thalassarche melanophris) breeds on islands off the Antarctic coast, and its life cycle has been closely studied for decades. The female lays a single egg in October, which hatches in December. Both parents share the care for the egg and nestling. Once the chick has fl edged, all albatrosses will migrate to spend the winter in warmer climes, in southern Australia or Tasmania.
A colony of albatrosses at the Canyon des Sourcils on the Kerguelen Islands has been observed for 50 years. Data from over 4,000 individuals show that the survival and reproductive success of the birds varies with changes of sea surface temperatures, which appear to infl uence young, middle-aged and older birds in different ways.
In order to tease apart these complex correlations, Deborah Pardo and colleagues from the CNRS Centre d'Etudes Biologiques de Chizé at Villiersen-Bois, France, developed a computer model that builds on the comprehensive empirical datasets reaching back to 1978 and explicitly includes age information for the birds, as well as distinguishing between changes to the long-term average temperatures and the temperature variability, i.e. the likelihood of extreme events (Phil. Trans. R. Soc. B (2017) 372, 20160143) .
The analysis showed that a decrease in population growth correlates well with both the frequency and amplitude of extreme changes in sea surface temperature. By contrast, the long-term average temperature of the surface water, which gradually increases due to climate change, shows a positive correlation with population growth. "In this case, the historical mean (or average) of sea surface temperatures was lower than the optimal temperature for this species,"
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Volatile climate stirs bird life cycle
The Paris accord, like many other documents, frames climate change in terms of the increase of global average temperatures, which the world community is trying to restrain to 2°C. As the oceans and the atmosphere are warming up, however, much of the visible damage comes from extreme climate events triggered by warmer waters. Science is only beginning to understand how ecology may respond to these events now becoming more frequent. Michael Gross reports.
Weather warning: Sea birds like albatrosses are sensitive to changes in ocean temperatures. In one recent study, a well-studied population was shown to suffer from the increasing temperature variations but to benefi t from recent warming bringing it closer to its temperature optimum. This report is part of a special issue of the Philosophical Transactions, which is dedicated to the "Behavioural, Ecological and Evolutionary Responses to Extreme Climatic Events". Jenouvrier, who is affi liated with the Woods Hole Oceanographic Institution, USA, as well as with the CNRS centre mentioned, coedited the issue. It also includes a review by John Wingfi eld and colleagues at the University of California at Davis, USA, on how birds cope with extreme climate events (Phil. Trans. R. Soc. B (2017) 372, 20160143) .
Wingfi eld and colleagues review several case studies of other bird species caught out by weather extremes in the polar regions. Snow petrels, for instance, spend their entire life in Antarctica and are not easily shocked by snow or cold winds. In one episode of unusual weather, however, snowfall in their breeding season followed by unusual warming to over 7°C and abundant melt water led to dramatic breeding failure. What counts as extreme varies from species to species -for this one it was a mild breeze that pushed it over the edge.
Similarly, a colony of Adélie penguins (Pygoscelis adeliae) at Pétrels Island in Terre Adélie, Antarctica, suffered total reproductive failure in the summer of 2013-2014. Researchers have related this unprecedented event to an unusually warm summer with rain and melting snow, which became deadly for penguin chicks adapted to cold, dry conditions. From the Arctic, Wingfi eld and co-authors relate an example of low temperatures and snow coverage in the spring of 2013, which delayed the migration and breeding of the Lapland longspur (Calcarius lapponicus) and Gambel's white-crowned sparrow (Zonotrichia leucophrys gambelii). These events, though not extreme by the standards of Arctic weather conditions, arrived at the wrong time for both species, causing them to abandon their territories, which ultimately resulted in complete reductive failure.
Wingfi eld and colleagues conclude that an extreme event that requires behavioural or physiological responses cannot be defi ned solely on the basis of climate parameters. Instead, each species has its own set of sensitivities towards deviations from the long-term average conditions to which it has adapted in the course of its evolution.
The researchers suggest to use the so-called allostatic load approach instead, which quantifi es the potential of a population to resist climatic perturbations. When this fl exibility reaches its limit, the life history switches to an emergency state which safeguards survival but may sacrifi ce brood success, as seen in the Arctic birds that gave up their territory.
Moreover, they suggest to distinguish between reversible, e.g. behavioural, changes and irreversible ones that reroute development to a different phenotype that may cope better with the extreme condition, but will suffer a cost upon return to normality. The behavioural fl exibility is often mediated by hormones, which are increasingly being studied.
Passerine birds
Sensitivity to climate variations can even differ for closely related species that share similar lifestyles in the same geographic area. Janet Gardner and colleagues from the Australian National University at Canberra have demonstrated this with a pair of co-existing insectivorous passerine species, the red-winged fairy wren (Malurus elegans) and the white-browed scrubwren (Sericornis frontalis). Based on observation data covering 37 years, the researchers found correlations with climate events that were both complex and different between the species (Phil. Trans. R. Soc. B (2017) 372, 20160148).
co-author Stéphanie Jenouvrier explained in a press statement. "If the mean temperature warms, these albatrosses will experience temperatures that will be more often at or near the optimum range for the species, so these changes in mean will buffer the negative effects of the extreme warming events."
Within limits, this positive reaction to warming can compensate the negative impact of the extreme temperature variations becoming more frequent under climate change. However, this benefi t will cease as soon as the actual average temperatures pass the optimum to which the albatross is adapted, as negative effects of mean temperatures and variability will combine. The remaining margin for the albatross is only 0.1°C, while the IPCC projects further increases of 1°C, so this reversal of fortunes appears inevitable.
As for the age distribution of survival chances, the research found that older birds are vulnerable to both the rising average and the extreme spikes of temperature, an effect which the authors compare to the increased mortality among older citizens observed in recent heatwaves. While younger animals are more resilient to these threats, they are exposed to dangers from fi shing gear when they follow long-line fi shing boats.
Overall, the authors expect the population in the Kerguelen to decline further, a problem which may become more acute as temperatures rise past Survival skills: A study of two closely related wren species sharing the same habitat demonstrates that the sensitivity to extreme climate events is highly specifi c to each species. The photo shows the white-browed scrubwren (Sericornis frontalis). The analysis showed that direct effects of climate on survival rates correlated more closely with temperature extremes than with average temperatures. Specifi cally, the number of cold wet days in a given winter correlates with decreasing survival rates in all years but one in white-browed scrubwrens. In addition to the effects of extremes within the same season, extreme climatic conditions also had longer term repercussions for survival in the following season, acting via body size.
Body size is an important parameter in the vulnerability of birds to temperature variation. "The larger surface area to volume ratios of smaller birds makes it more challenging to maintain body temperature in cold conditions, but easier to do so in hot conditions because they facilitate greater effi ciency in heat dissipation, at least in the absence of extreme summer temperatures," Gardner explains. "Conversely, larger individuals have higher heat retention because of their relatively small surface area to volume ratios, which may be advantageous in cold winters but not in hotter summers."
In the red-winged fairy wren, but not in the scrubwren, the data show a reduction of body size over the 37-year observation period, in line with Bergman's rule, which, based on observation of global patterns of geographic variation in body size, predicts reduction in body size as climate warms.
"Despite the evidence that the average body size of red-winged fairy wrens has declined over time as predicted, larger individuals survived better overall," Gardner notes. Thus, some of the complexities of these observations remain unexplained for now.
In another report on a well-studied small passerine species, Pascal Marrot (CNRS, France) and colleagues from the University of Sherbrooke, Canada, have analysed the impact of weather extremes on the breeding behaviour of the blue tit (Cyanistes caeruleus) in the south of France. Specifi cally, the research looked at extreme rainfalls, hot and cold days, and tried to correlate these weather extremes with the birds' laying date, clutch size and survival of the nestlings, based on observation data from more than 25 years and population modelling (Phil. Trans. R. Soc. B (2017) 372, 20160372).
The laying date is a crucial parameter for the breeding success of tits as they have to fi nd large numbers of caterpillars to feed their brood. Thus, the three-week period of parental feeding should be aligned as closely as possible with the availability of suitable caterpillars.
The research found that changes in average temperature had little effect. However, the occurrence of hot days during the early feeding period could impact fl edgling success of the brood to an extent that it drove selection to early laying. Specifi cally, the strength of natural selection acting on laying date was increasing as the population experienced multiple extremely hot days. This effect is readily explained via the reduced availability of caterpillars.
Extremely hot days arriving in the late stage of the feeding period, by contrast, appear to help survival. While a mechanism for this correlation has not yet been established, the authors speculate that a reduced activity of predators targeting the fl edglings may be the cause.
Overall, the authors conclude, the increasing frequency of extreme climatic events could in the near future well become a substantial threat to populations even of common birds such as the blue tit. Previous studies have shown that the intensifi cation of agriculture and loss of insect prey has already decimated the populations of many bird species that were common only a few decades ago (Curr. Biol. (2015) 25, R483-R485).
Coalmine canaries
While researchers generally agree that climate change and ocean warming in particular is already increasing the likelihood of extreme climatic events and will continue to do so, there is less agreement on how to defi ne and characterise these events.
Part of the problem, as the breadth of subjects covered in the special issue of the Philosophical Transactions demonstrates, is the diversity of climatic conditions that could become extreme for one species or another. While the increase in average temperature is easily recorded as a single number changing over time, the recording of extreme events needs careful consideration of defi nitions not only based on meteorology but also on biological consequences.
Many bird species, with their complex life cycles often involving seasonal migration and elaborate breeding protocols, are particularly vulnerable to climate variations and can serve as indicator species, like the literal canary in the coalmine. We just have to look out for them to ensure that their vulnerabilities don't set them on the path to extinction.
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk Colour coded: The survival and reproduction success of the red-winged fairy wren (Malurus elegans) after extreme climate events differs characteristically from the closely related white-browed scrubwren. (Photo: Pete Richman/fl ickr (CC BY 2.0).)
